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quantifying it permit the prediction of certain characteristic earthquakes in a seismic zone.
In recent decades, there have been many reports of seismological, geodetic, geophysical, geochemical and hydrological precursors to earthquakes 1 ; however, most of these are physically irrelevant or statistically insignificant. Thus far, no single precursor signal has exhibited real predictive power with respect to a major earthquake 1, 2 . We have analysed the seismic-generation process to identify a reliable signal.
Tectonic earthquakes are widely understood as the brittle failure of local rock accompanied by a rapid release of energy due to fault and plate movement 3, 4 . A major earthquake (e.g. a MW8.0 quake) is usually preceded by an intermittent long-term process involving multiscale cracking events in a specified region, whereas the acoustic emissions (AEs) generated from a stressed rock specimen are associated with smallscale cracking events within a short period. Nevertheless, given the similarities in the sequences and statistical distributions of earthquakes and AE events [4] [5] [6] [7] , a primary goal of laboratory studies about AE monitoring is to identify a precursor signal that could be used for earthquake prediction.
Numerous laboratory-scale rock-mechanics experiments [8] [9] [10] have shown that a macroscopic rupture at the peak-stress point (PSP) of a stressed rock specimen is 3 preceded by the emergence of a volume-expansion point (VEP). The VEP defines the boundary between stable and unstable failure phases 8 . This pattern is essential to the evolution of damage in heterogeneous rocks and provides a physical basis for predicting major earthquakes 11 . The spatial and temporal ( Fig.1) clustering or unstable propagation of micro-cracks beginning at the VEP, as Lockner and Byerlee 12 pointed out, is capable of causing a supra-exponential rise in AE activity that coincides with anomalies in seismic indicators such as wave velocity 13 and electrical and magnetic signals 3 . However, these seeming precursors to macroscopic rupture have not been consistently observed in laboratory tests as the mechanical behaviour of a stressed rock specimen and AE activity pattern heavily depend on its heterogeneity, size, shape, and the applied loading conditions. Furthermore, the expansion-related precursor phenomena observed in laboratory settings are not useful for realistic earthquake prediction since recorded spatial and temporal clusters of earthquakes typically do not correspond clearly with a subsequent large event. We argue that when searching for a reliable seismic precursor, one must first understand the physical construct that accumulates high strain energy, and only then can one formulate the related earthquake mechanism.
Many geoscientists 7, 14, 15 have recognised that heterogeneous seismogenic faults are composed of both fault gouges and strong local segments that resist slip. Each of the strong segments with high bearing capacity 16 can accumulate enough elastic strain energy to cause major earthquakes. Herein, we refer to such a segment as a 'locked 4 segment'. Five primary structures fall under this term, illustrated in Fig. 2 : a rock bridge, an asperity, a strong junction of two intersecting faults, a locked patch within a creeping segment and a block bounded by secondary faults. These natural locked segments are significantly different from rocks studied in the laboratory in terms of geometric features and tectonic strain rates 17 . Seismogenic locked segments are characterised by their large size and flat shape, and they are subjected to shear loading or stress corrosion at an extremely low rate along with high temperatures and high confining pressures.
These conditions make seismogenic locked segments highly heterogeneous and less brittle.
Precursor seismicity pattern of locked segment
Several laboratory experiments 18, 19 have demonstrated that even under high confining pressure and temperature, a stressed rock specimen can generate quite a few AEs and fail in a less brittle manner. The premonitory AE activity of a specimen, particularly the event or energy rates at the VEP, can be enhanced if the following conditions are met: the specimen is highly heterogeneous 20 , it has a small height to diameter ratio 21 and it is subjected to relatively slow loading 22 . This trend implies that the precursor seismicity of a large slab-shaped seismogenic locked segment may be unique under similar loading conditions that make the segment less brittle. Indeed, the mechanical behaviour of a seismogenic locked segment, particularly over the long time scales relevant to large-scale tectonic deformation, cannot be modelled realistically in 5 laboratory tests 17 . Nevertheless, field-scale quasi-creep experiments on a lockedsegment-like specimen may provide valuable clues in the search for precursor AE activity or seismicity patterns.
An in-situ direct shear test 23 on a large-scale slab-shaped rock block with joints and a loosening seam was performed with slow stress-stepping loading. The geometry and heterogeneity of this block, as well as the loading conditions imposed, were somewhat analogous to those of a natural locked segment. The data in Fig. 3 , reprinted from Ishida et al. 23 , show that the AE event rate rose sharply before the rupture of the block, as expected. This jump in AEs likely corresponds to the emergence of a VEP in a locked segment in the field. After the jump, AEs (pre-shocks) became relatively inactive until the locked segment was damaged to the PSP.
The earth, prone to quakes, is a unique natural laboratory for studying the quake precursor pattern and evolutionary rule. We have observed an interesting phenomenon in a well-defined seismic zone, an area with internally connected seismicity (see Methods), in its current seismic period, exemplified by the Tangshan seismic zone (Fig.   4a or No. 26 in Extended Data Fig. 1 or 2) . A characteristic earthquake (CE), i.e. a major earthquake, and a sequence of smaller subsequent earthquakes, which are defined as pre-shocks, always arise prior to another CE ( Fig. 4b ) (see Extended Data Table 1 or below for names of such earthquakes). Note that the concept of CEs employed herein is wholly different from previous uses of the term, which typically indicates earthquakes with a similar magnitude on a given fault segment that recur at regular 6 intervals 24 . A seismicity series comprising two adjacent CEs and pre-shocks between them seemingly resembles the AE activity between the VEP and PSP shown in Fig. 3 .
In the following analysis, we hypothesise that CEs occur at the VEPs and PSPs of locked segments.
A single seismic period in each seismic zone can be defined by the sequential rupture of all locked segments in ascending order of bearing capacity (low to high). As we hypothesise, when a locked segment is damaged enough that its VEP and PSP are reached, two CEs will appear at the two points, respectively. A seismic zone may have undergone many cycles of seismic periods ( In the following sections, we describe how we used a theoretical model and case studies drawn from historical data to identify pairs of CEs that occur sequentially at a VEP and a PSP of natural locked segments.
Mechanical model
Several statistical analyses 25 have revealed that the ratios of peak strain to volumeexpansion strain for rock specimens under uniaxial compression are approximately constant. This constancy probably indicates a mechanical link between the two points. 7 To study the correlation between the shear strain at the VEP and PSP of a locked segment along a seismogenic fault or a slope slip surface, we have developed a mechanical model that couples a one-dimensional renormalization group model 15, 26, 27 with a strain-softening constitutive model 15 (1) is approximated as εf = 1.48εc (2) to predict the critical shear strain at the PSP of a locked segment. The model does not require us to determine the specific mechanical parameters of the locked segment in question since we use the constant 1.48.
As a certain seismic zone includes multiple locked segments, the relation 15 derived from equation (2) is as follows:
where εc and εf (k) are the shear strain values corresponding to the VEP of the first locked segment and to the PSP of the kth locked segment, respectively. Note that the shear strain at the PSP of the kth locked segment is approximately equal to the shear strain at the VEP of the (k + 1)th locked segment, indicating that the kth point is both the PSP of the kth locked segment and the VEP of (k + 1)th locked segment. To test the reliability of the model, we have conducted a retrospective analysis of several landslides with locked segments, and we obtained satisfactory results 16 .
Based on the assumption that the shear strain within a locked segment is uniformly distributed and unloading shear module during a stress drop is approximately equal to the shear elastic module of the locked segment 29 , the cumulative Benioff strain (CBS) 30 can be substituted for shear strain in equation (3). Thus, equation (3) becomes as follows:
where Sc is the CBS value measured at the VEP of the first locked segment, and Sf(k)
is the CBS value predicted at the PSP of the kth locked segment. 
where ∆ denotes the error, and Sc 
Case studies
Earthquakes have been recorded across a nearly 3800-year-long period in the intraplate Tangshan seismic zone, which is clearly bounded by several significant deepseated regional faults 33 (Fig. 4a) . Therefore, the Tangshan seismic zone is a strong candidate for ascertaining seismicity characteristics over time and validating our theoretical model. The earthquake catalogues in the Tangshan seismic zone before and after 1900 are drawn from Song et al. 34 (see Methods) and the China Earthquake Data Center (CEDC). We revised the magnitudes of several large historical events recorded before the invention of instrumentation 35 using the rules for magnitude revision described in the Methods. Eleven MS ≥ 7.0 earthquakes (Extended Data The value of Mv in the Tangshan seismic zone is MS5.0. After the various magnitudes in the record were transformed into a uniform scale (see Methods), the CBS of MS ≥ 5.0 earthquakes in this zone was calculated via a widely known formula 30 . The initial error of CBS was determined using equation (5) . Then, the correlation of critical CBS values among CEs in the seismic zone can be quantified using equation (4) . The data in Fig. 4c and Table 1 show that the evolutions of these CEs match equation (4) very well, confirming our hypothesis. This shows that the 1597-10-06 MS7.5 Bohai Sea earthquake and the 1668-07-25 MS8.0 Tancheng earthquake form a pair of CEs at the VEP and PSP of the first locked segment. By parity of reasoning, the Tancheng earthquake and the 1679-09-02 MS7.8 Sanhe-Pinggu earthquake form a pair of CEs at the second locked segment in the zone. The first earthquake of each pair of CEs is an identified precursor for the second earthquake in the pair.
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In addition, we tested our hypothesis with a retrospective analysis of the inter-plate Hokkaido seismic zone (No. 38 in Extended Data Fig. 1 2) covering the circum-Pacific seismic belt and the Eurasia seismic belt. The data was drawn from the earthquake catalogue published and revised for consistency (see Methods). The pattern we have identified applies regardless of focal depth, indicating that the precursor pattern is universal. Consequently, we conclude that a CE at the VEP of locked segment reliably precedes the rupture of the segment that leads to a CE at the segment's PSP.
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Discussion and prospect
As the damage evolution from the VEP of a locked segment to its PSP usually takes decades or even hundreds of years, the earthquake precursor we have identified can be considered as a long-term precursor. The precursor seismicity pattern and our quantitative mechanical model permit the prediction of CEs within a given seismic zone, except for the first two. Recently, we developed methods for identifying the first foreshock, i.e. a special pre-shock that serves as the indicator of approaching or reaching the critical state of a CE, within a defined seismic zone 29 , which greatly improves the predictability of CEs and holds great promise for improving earthquake prediction.
Not all major earthquakes can be predicted by our model; CEs with definite physical meanings, except the former two in a seismic period, can be predicted on the basis of firm scientific grounds. Using equation (4) and formulas (6) to (9) (see Methods), one can identify CEs and predict the critical CBS value and magnitude range of a future CE together with the upper-limit magnitude of pre-shocks prior to the said CE within a well-defined seismic zone.
Our work lays the physical foundation for earthquake predictability and has revolutionised the understanding of the earthquake generation process and basic concepts such as mainshock, aftershock, seismic zone and seismic period. When a locked segment is broken, the load applied to it will be mostly transferred to the next locked segment within the same seismic zone, thereby accelerating its failure process. 13 As the locked segments fail one by one, an increasingly accelerating seismicity trend within this zone is inevitable, as illustrated in Figs. 4c, 6 and Extended Data Figs. 3 to 6. Once the last locked segment with the highest bearing capacity is damaged to its PSP, a mainshock will occur within the same seismic zone and period. This demonstrates that the earthquakes preceding the rupture of the last locked segment are neither mainshocks nor aftershocks, as argued by previous researchers. As each seismic zone evolves towards the critical state of the mainshock, the larger pre-shocks and CEs generated from the stressed locked segments with higher bearing capacity will appear more frequently. Thus, we recommend that countries and regions in seismically active areas should improve the ability to prevent and mitigate earthquake disasters as early as possible. Table 1 lists the recorded and predicted critical CBS values. The predicted critical CBS value for an expected future CE, calculated from equation (4), is marked with a dotted red line. [37] [38] [39] [40] [41] , fault blocks 42, 43 and active tectonic blocks 44, 45 . As the strength of a fault is much lower than that of a block, tectonic deformations are concentrated in the boundary faults, while blocks move as a unit with less internal deformation. From this perspective, faults and earthquakes within a tectonic block (e.g. subducting plate) bounded by major faults, or constrained by plate boundaries, are intrinsically linked. Conversely, adjacent blocks only affect the loading or unloading mode of a particular block via shearing or extruding action, but do not affect the intrinsic evolutionary rule reflected in the internal seismicity of the block in question 46 . Thus, a seismic zone can be defined as an area representing the seismicity of a corresponding tectonic block. In previously published works 35, 47, 48 , we confirmed that the regular evolution of seismicity with a magnitude equal to or greater than Mv within a seismic zone can represent the unity of a block.
Definitely, our concept of seismic zoning highlights the mechanical interaction between fault networks within a specified seismic zone, which is different from the conventional understanding that earthquakes are related to an individual fault or a fault zone. Relying on data about the faults and plate boundaries illustrated in a seismo-tectonic map 33,49-52 , we have defined 62 seismic zones (Extended Data Fig. 1 ) that cover the circum-Pacific seismic belt and the Eurasia seismic belt, which include 33 seismic zones in China and its neighbouring areas (Extended Data Fig. 2 ).
Earthquake catalogues. For our case studies regarding 62 seismic zones around the world, we adopted the pre-1900 earthquake catalogue compiled by Song et al.
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, which is a revised collection of various global catalogues available from authority websites, published books and documents, Rules for magnitude revision. Through a comprehensive statistical analysis 35, 47, 48 regarding the above earthquake cases, we constrained magnitudes to the following ranges:
where MC and MF denote the magnitudes of two adjacent CEs before the last CE (mainshock), and MP denotes the magnitude of pre-shocks between the two adjacent CEs. With regard to double earthquakes, they are viewed as an equivalent earthquake whose seismic energy equals the sum of energy released by them. We have further observed a common pattern in most seismic zones-the magnitudes of several successive CEs before the mainshock usually agree with the following 
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where M(n + i) and M(n) indicate the magnitudes of the (n + i)th and nth CEs in a seismic period, respectively.
Once the magnitude scale has been standardised, formulas (6) and (8) can be used to revise and predict the magnitudes of CEs except for a mainshock, and formula (7) can be used to revise and predict the magnitudes of large pre-shocks.
In view of quite a few inaccurate or controversial parameters in earthquake catalogues, particularly magnitude parameters, we standardised the magnitudes 35, 47, 48 using formulas (6) to (8) on the basis of several catalogues compiled by individuals and international agencies and research results from some researchers. The revision rules greatly reduce the uncertainty of our earthquake case studies.
Identification method for a mainshock. Once the last locked segment is damaged to its PSP, a mainshock will occur within the same seismic zone and period. We can identify the mainshock by the following relationship 29 :
MF,last -MC,last > 0.5,
where MC,last and MF,last denote the magnitudes of the CE at the VEP of the last locked segment and the mainshock, respectively.
Conversion between different magnitude scales. Magnitudes are given in the catalogues using several scales, e.g. surface wave magnitude (MS), short-and long-period body wave magnitudes (mb and mB), local magnitude (ML), moment magnitude (MW), magnitude defined by the Japan Meteorological Agency (Mj), magnitude calculated statistically (Muk) and magnitudes estimated by the intensity of hazards (MK) and fault area (Mfa). Before calculating CBS, all these magnitudes were transformed into a local magnitude scale, ML, using the appropriate formulas 53 . Subsequently, we calculated the seismic energy of each event whose magnitude is not less than Mv, the Benioff strain and CBS in turn, using well-known formulas 53 .
